The apparent ATP requirement for N, fixation in Klebsiella pneumoniae was high (the ATPIN, molar ratio was 29 when estimated in anaerobic glucose-limited chemostat cultures) compared with that determined previously in Azotobacter chroococcum and in Clostridium pasteurianum. The high value was probably not due to unfavourable temperature, phosphate concentration or pH. The apparent ATP requirement for N, fixation was probably no lower in 0,-limited chemostat cultures than in anaerobic glucose-limited chemostat cultures. When hydrogen was introduced into the atmosphere over the anaerobic glucose-limited chemostat culture, there was an increase in the apparent ATP requirement for N, fixation and in the activity of nitrogenase in intact organisms. A comparison of these increases suggests that some ATP is wasted by the ATP-dependent H,-evolving activity of nitrogenase.
I N T R O D U C T I O N
The reduction of N, by H, is exergonic (Bayliss, 1956 ). However, the reduction of N2 to NH4+ by all nitrogenases so far examined requires ATP as well as a suitable reductant, such as sodium dithionite, reduced ferredoxin or reduced flavodoxin (Eady & Postgate, 1974) . A substantial amount of ATP is hydrolysed during nitrogenase function in vitro. Values for the ATP requirement for the transfer of two electrons range between 4 and 5 (Zumft & Mortenson, 1975) .
During growth, the maximum yield of micro-organisms, produced from I mol of the ATP generated from the carbon and energy source, may be lowered if a large proportion of the ATP is needed to synthesize a monomer (Stouthamer, 1973 ; Stouthamer & Bettenhaussen, 1g73), such as NH4+ from N,. Thus the decrease in molar growth yield (yield of organisms/mol carbon and energy source consumed) on replacing NH,+ with N2 as nitrogen source, has been used to calculate the apparent ATP requirement for nitrogen fixation in vivo (the apparent ATPIN, molar ratio).
In chemostat cultures, the energy requirement for maintenance can be estimated and the same nutritional limitation should minimize differences in the organisms' composition. A carbon and energy limitation probably ensures the most efficient use of the carbon and energy source for growth.
Daesch & Mortenson (1968) and Dalton & Postgate (1969) calculated an apparent ATP/N2 molar ratio from molar growth yield data obtained from carbon-and energylimited chemostat cultures of Clostridium pasteurianum and Azotobacter chroococcum respectively. The ratio was 20 in the obligate anaerobe C. pasteurianum and as little as 4 to 5 in the obligate aerobe A . chroococcum. The marked difference in these ratios prompted the present work to estimate the apparent ATPIN, molar ratio in the facultative anaerobe Apparent ATP/N2 molar ratio in K . pneumoniae 299 U.S.A.) as described previously (Hill, 1976) . The glucose concentiation in the medium and the culture supernatant was measured by the enzymic method described previously (Hill, 1976) ; this did not detect glucose below 0.02 mM. The presence of NH,+ in the supernatant from chemostat cultures supplied with (NH4)2S04 or NH,Cl was determined by the method of Chaney & Marbach (1962) . The pyruvic acid concentration in the medium or in the culture supernatant was estimated by the method of Freidemann (1957) . Total volatile acids, removed from the culture supernatant by steam distillation, were titrated under N, against freshly standardized NaOH with phenol red indicator; double-glass-distilled water at pH 7.0 was used. The ethanol concentration in the chemostat culture sample was estimated immediately by the microdiffusion method of Neish (1957) . The percentage recovery of ethanol during microdiffusion of a standard solution was 95k 5 %. The amount of ethanol lost by evaporation from the chemostat culture into the gas phase of the culture vessel was estimated by diverting the effluent gas stream from the culture for 3 h through a Drechsel bottle containing roo ml 8-3 mM-potassium dichromate in 5 M-H,SO,. The remaining potassium dichromate was titrated (Neish, 1957) , from which the amount of ethanol lostlml chemostat culture was calculated (Fencl, 1966) .
The rate of H, accumulation in the gas phase above the chemostat culture was measured by temporarily stopphg the gas flow through the culture vessel. The gas inlet and outlet were shut off without stopping the inflow of medium. Gas samples (I ml) were removed at approximately 5 min intervals through a Suba-Seal (William Freeman, Barnsley, Yorkshire) closure mounted in the lid of the culture vessel, and were analysed chromatographically in a Pye Unicam 104 gas chromatograph modified to take a Minigrade 625 gas density balance (Gow-Mac Field Instruments, Weybridge, Surrey) and fitted with a 150 cm column (4 mm internal diam.) filled with molecular sieve 5A, mesh 80 to 100. The column was maintained at 50 "C with either N, or Ar as carrier gas flowing at 50 ml min-l on the analytical side and roo ml min-l on the reference side. Hydrogen peak heights were recorded and compared with standards. The amount of hydrogen produced during the dissimilation of I mol glucose was calculated from the rate of hydrogen accumulation in the gas phase (Fencl, 1966) using the average of the initial and final volumes of the chemostat and without correcting for the small change in dilution rate; the time taken for the estimate was small compared with the replacement time of the chemostat culture.
Other fermentation products in the culture supernatant were estimated as follows : acetate by the method of Rose (1955) using acetate kinase (Sigma); lactic acid by the method of Pryce (1969) ; 2,3-butanediol and acetoin plus diacetyl by the colorimetric methods of Neish (1952) . Succinic acid, removed by continuous extraction with ether (Neish, 1952) , was detected on the neutralized residue by the qualitative method of Snell & Snell (1953) and the amount of fluorescence was estimated visually. Since the formic acid concentration was very low, formic acid was removed by vacuum distillation and estimated by the method of Wood & Gest (1957) using chromotropic acid.
Dejnitiuns. Yglucose is defined as g dry wt organisms/mol glucose consumed. YaTp is defined as g dry wt organisms/mol ATP generated from glucose dissimilation and is equal to Yglucose/2 x (part of glucose dissimilated) + (mol acetatelmol glucose consumed) (see Results, and Stouthamer & Bettenhaussen, 1973) 
RESULTS

Comparison of molar growth yields for glucose when ammonium ion is replaced by nitrogen
Steady states established in medium B will be referred to as N,-fixing populations; those established in a similar medium containing excess (NH,),S04 or NH4Cl will be referred to as NH,+-assimilating populations. At a dilution rate ( Table I ). In addition, in the N,-fixing populations, the molar growth yield was not changed when the small amount of yeast extract was removed by replacing medium B by medium A (compare steady states 2 and 3 with I, 4, 5 and 6 in Table I ).
as nitrogen source in anaerobic chemostat cultures
Comparison of the energy budget for growth in ammonium-assimilating and in nitrogen-fixing populations ATP yield from glucose dissimilation. When the nitrogen source was changed from NH4+ to N2, at D near 0.1 h-l, there was no large change in the fermentation products ( 
f:
The loss of ethanol from the culture by evaporation was measured, whereas other estimates of ethanol were corrected for the amount lost by evaporation.
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assumed that pyruvate is subsequently cleaved by the thioclastic split to acetyl CoA as in Escherichia coli, in which case the yield of acetate indicates the amount of ATP produced from pyruvate cleavage (Hadjipetrou et al., 1964) . If ATP is generated during the anaerobic cleavage of pyruvate in K. pneumoniae, anaerobic growth ought to be supported by pyruvate.
Anaerobic chemostat cultures were established, at D near 0.09 h-l, of NH,+-assimilating and of N,-fixing populations supplied with a modified form of medium B, containing sodium pyruvate (2 to 8 81-l) in place of glucose, and half the phosphate concentration. Although these chemostat cultures were not pyruvate-limited, growth occurred and was about 55 % lower per unit of pyruvate consumed in the N,-fixing than in the NH,+-assimilating populations. In both populations the acetate production was approximately equal to the pyruvate consumption. Thus the anaerobic dissimilation pathway of glucose through pyruvate to acetate in K. pneumoniae is similar with either NH,+ or N,, and yields approximately 2.9 mol ATP/mol glucose dissimilated : that is, 2 mol from the Embden-Meyerhof-Parnas pathway and 0.9 mol from pyruvate cleavage. The values of YATP determined for the anaerobic glucoselimited chemostat cultures were 10.9 & 1-5 for the NH,+-assimilating and 4.2 & 0.2 for the N,-fixing populations ( Table I) .
Energy expenditure for growth. Besides N2 fixation and concomitant NH,+ assimilation, there may be other metabolic differences between N,-fixing and NH,+-assimilating populations. These differences could affect the energy expenditure for growth and thus contribute to the observed difference in the molar growth yields.
The carbon and nitrogen contents of washed organisms from both populations were (Hill, Drozd & Postgate, 1972) . A glucoselimited culture maintained at D of 0-21 h-l, with the supplied glucose concentration lowered to 10.8 mM to compensate for a change in nutritional status, showed no significant change in molar growth yield. The molar growth yield in the NH,+-assimilating glucoselimited populations was also not markedly increased when the dilution rate was increased from 0.1 h-l to 0-2 h-l ( Table I) . Thus these data suggest that the energy requirements for maintenance in the NH,+-assimilating and in the N,-fixing populations were similar.
Calculation of the apparent ATPIN, molar ratio
Besides N, fixation, other anabolic processes occur in both N,-fixing and NH,+-assimilating populations. It must be assumed that these anabolic processes have a similar energy requirement in both populations. The apparent ATPIN, molar ratio can then be obtained from the YATP values and the amounts of N, fixed. 0.13 x 4-2 If the route for NH4+ assimilation in the N,-fixing populations is by the glutamine synthetase, glutamate synthase pathway and that in the NH,+-assimilating populations is by the glutamate dehydrogenase pathway (Brown, MacDonald-Brown & Meers, I 974, then only in the former populations will there be an ATP expenditure for glutamate production (2 mol ATP/mol N, fixed). Hence the apparent ATPIN, molar ratio in anaerobic glucoselimited chemostat cultures of K. pneumoniae will be about 29.
Infruence of the environment on the apparent ATPIN, molar ratio The apparent ATP/N, molar ratio of 29 in K. pneumoniae is higher than that in C. pasteurianum (Daesch & Mortenson, 1968) and in A. chroococcum (Dalton & Postgate, 1969) . The ratio in K.pneumoniae might be influenced by both temperature and the chemical environment Temperature and pH influenced the ATP requirement for electron transfer by nitrogenase preparations from A . vinelandii (minimum at 20 "C; Hadfield & Bulen, 1969) and from C. pasteurianum (minimum at pH 7.6; Jeng, Morris & Mortenson, 1970) respectively. Phosphate above 30 mM inhibited N, fixation by cell-free extracts from K. pneumoniae (Mahl & Wilson, 1968) , from A. vinelandii (Bulen, Burns & LeCompte, 1965 ) and from C. pasteurianum (Mortenson, Valentine & Carnahan, 1963) . Hydrogen, a product of anaerobic glucose dissimilation in K. pneumoniae, may have increased the ATP/N, molar ratio just as H, increased the ratio in a nitrogenase preparation from A . vinelandii by inhibiting N2 reduction but not H+ reduction (Hadfield & Bulen, 1969) . Oxygen, when supplied to an anaerobic glucose-limited chemostat culture of K. pneumoniae, increased the efficiency of N, fixation (pg nitrogen fixedlmg glucose consumed) (Hill, 1976) . This increase could be due to a decrease in the apparent ATP/N, molar ratio.
Temperature. Steady-state molar growth yield values in N,-fixing populations maintained at temperatures between 19 "C and 37 "C were slightly higher at 23 "C and 26 "C than at 30 "C; the molar growth yield in the NH,+-assimilating populations maintained at 23 "C was similar to that at 30 "C (Fig. I) .
Phosphate Concentration. Lowering the phosphate concentration to 8.4 mM, one tenth of the usual concentration, did not significantly influence the molar growth yield in either the N,-fixing or the NH,+-assimilating populations (compare values near pH 6-8 in Fig. 2 with those in Table I) . p H . Using the medium with the low phosphate concentration, molar growth yields were estimated at various pH values (Fig. 2) . The maximum molar growth yield in the N2-fixing populations occurred at pH values between 6.6 and 7.5, indicating that the routine pH (6.8) was about optimum for growth. In the NH,+-assimilating populations, the molar growth yield was not significantly different when the pH was changed from 6-8 to 7.3.
Atmospheric hydrogen concentration. Pengra & Wilson (1958) found that the assimilation of N, but not NH,+ in batch cultures of K. pneumoniae was inhibited under 0.5 atm H,. In the present work, replacing 1.0 Table 3 ).
The amount of acetate produced/mol glucose dissimilated in the N,-fixing populations was lowered by replacing 1.0 atm N, by either 0.5 atm Ar, 0.5 atm H, or 0.65 atm H, in N,. Hydrogen did not affect the amount of acetatelm01 glucose dissimilated in the NH,+-assimilating populations (Tables 3 and 2) . However, the YATP values in the N,-fixing populations supplied with 0.5 or 0.65 atm H, in N, (Table 3) were significantly lower than those with either 0.5 atm Ar in N, (Table 3) or 1.0 atm N, ( Table I) .
The nitrogen content of organisms in the N,-fixing populations was not affected by the various changes in the composition of the gas supply (Tables 3 and I) . Thus H,, besides causing a decrease in the molar growth yield in the N,-fixing populations, also inhibited N, fixation.
If the path of glucose dissimilation is not affected by H,, then the lowering of YdTP in the N,-fixing populations suggests that H2 can cause a wastage of ATP in the N,-fixing Apparent ATPIN, molar ratio in K. pneumoniae 305 Table 3 
. Influence of atmospheric hydrogen concentration on growth parameters in n itrogen-jxing and in ammonium-assim ila t ing populations
Chemostat cultures were maintained at D of 0 . 1 I h-l, at 30 f 0.5 "C, and at pH 6.8 f 0 . 1 , effected by the buffering capacity of the medium (medium B). The supplied glucose concentration was about 30 mM and 15 mM in the N2-fixing and NH,+-assimilating populations respectively, and the residual glucose concentration was less than 0-02 mM. organisms. The apparent ATP/N, molar ratio in populations supplied with 0.5 atm H, in N,, calculated by equation I from the growth parameters for the N,-fixing and comparable NH,+-assimilating populations, was 40: this is 38 % higher than that found with either 0.5 atm Ar in N, or 1.0 atm N,. Furthermore, when the gas supply to the N,-fixing population was changed from either 1.0 atm N, or 0.8 atm Ar in N, to 0.65 atm H, in N,, the molar growth yield decreased by 36 %: this decrease, if associated specifically with the N,-fixing process, was equivalent to a 120 % increase in the apparent ATPIN, molar ratio.
Supplied gas mixture, Acetate
Atmospheric oxygen concentration.
If ATP is generated by oxidative phosphorylation in 0,-limited chemostat cultures, the apparent ATPIN, molar ratio cannot be determined by equation I because the amount of ATP produced from glucose dissimilation cannot be estimated directly. However, any lowering in the apparent ATPIN, molar ratio should correspond to an increase in Y,,, in the N,-fixing populations. YATp in a N,-fixing 0,-limited chemostat culture may be determined if it is assumed that the energy requirement for growth, excluding that required for N, fixation, is not influenced by the change from anaerobic glucose limitation to 0, limitation. Then YATP in the NH,+-assimilating populations should not be influenced by this change in nutritional status and can be used to calculate the total ATP production from glucose dissimilation during 0,-limited growth. in which OlY$2: and PNH4+ are the molar growth yield and the dissimilated portion of a consumed mol glucose, respectively, in the NH,+-assimilating 0,-limited population. A similar production of ATP from glucose dissimilation during 0,-limited growth in both NH,+-assimilating and N,-fixing populations, should allow the determination of the YATp in the latter population (o~Y2+p) : in which o~Y~:,o,, and PN2 are the molar growth yield and the dissimilated portion of a consumed mol glucose, respectively, in the N,-fixing 0,-limited populations.
Mol ATP/mol glucose dissimilated = OaY;5L/(PNH4+ x Yz:++), (2) 02YAN+p = o~Y%cose/PNa x (mol ATP/mol glucose consumed), 
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In an 0,-limited chemostat culture of a facultative anaerobe, the proportion of ATP generated from oxidative phosphorylation during the dissimilation of glucose will depend, a t least, on the ratio of supplied glucose concentration to the oxygen solution rate and on the dilution rate, which will affect the amount of available 0, (Pirt, 1957) . If these parameters are kept constant, the yields of ATP from glucose dissimilation in NH,+-assimilating and in N,-fixing populations might be similar.
A N,-fixing 0,-limited chemostat culture was established at D of 0.1 I h-l, by the method described previously (Hill, 1976) , and the molar growth yield estimated. The culture was then repressed for N, fixation by adding excess (NH,),SO, to the medium reservoir, and the molar growth yield was estimated during the subsequent steady state (Table 4 ). In both the N,-fixing and NH,+-assimilating populations, the molar growth yields were larger than in comparable anaerobic cultures, and increased with the increase in atmospheric 0, concentration.
The nitrogen and carbon contents of organisms in the 0,-limited chemostat cultures (Table 4) were similar to those in anaerobic glucose-limited chemostat cultures (Table I) , so the increase in molar growth yield apparently caused by 0, was not due to large amounts of non-nitrogehous storage products. The acetate production in the 0,-limited chemostat cultures suggested that the ATP produced from substrate phosphorylation was not affected by the changes in either nitrogen source (Table 4) or nutritional status (Tables 4 and I) . Thus the increases in molar growth yield in the NH,+-assimilating populations were probably due to additional ATP production by partial aerobic metabolism.
Y,,, in the N,-fixing 0,-limited chemostat culture supplied with 0.019 atm 0, ( Table 4 ) was similar to that found in N,-fixing anaerobic glucose-limited chemostat cultures (Table   I) ; the value in the N,-fixing 0,-limited chemostat cultures supplied with 0.025 atm 0, was lower (Table 4) . Hence these Y,,, values suggest that, with O,, the apparent ATPIN, molar ratio is about the same as or higher than in anaerobic glucose-limited chemostat cultures.
Level of nitrogenase in nitrogen-fixing populations
Hydrogen inhibition of N, fixation in anaerobic cultures might have led to an increase in the level of nitrogenase. The C,H,-reducing activity of chemostat culture samples under 0.1 atm C2H, in Ar with added glucose, assumed to be a measure of the amount of active nitrogenase within the organisms, increased progressively in N,-fixing populations under N, with 0.5 or 0.65 atm H,. This increase was attributed to the H, since there was only a marginal increase when N, was diluted with 0.5 or 0.8 atm Ar (Table 5) . Comparable C,H,-reducing activity in samples from the 0,-limited cultures was similar to or slightly higher than that in samples from chemostat cultures supplied with 1.0 atm N, (Table 5) .
The theoretical conversion factor of 3 was used to calculate the potential rate of N, fixation from the C,H,-reduction rates. Even in the N,-fixing populations supplied with 1.0 atm N,, the ratio (potential/observed rate) was greater than I ( Table 5 ), indicating that the nitrogenase in these organisms was apparently not operating at a maximum rate for N, reduction during growth under anaerobic glucose limitation. In the N,-fixing populations supplied with 0.5 and 0.65 atm H,, the ratio was 72 % and I 88 % higher, respectively, than with 1.0 atm N,; the ratio was only slightly higher if H, was replaced by either 0.5 or 0.8 atm Ar. In the N,-fixing populations supplied with 0.019 atm O,, the ratio was similar to that with 1.0 atm N,; with 0.025 atm 0, it was slightly elevated ( Table 5) .
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DISCUSSION
The apparent ATPIN, molar ratio in glucose-limited chemostats of K. pneumoniae ~5 a 1 obtained (29) is similar to that found in batch cultures of a nifconstitutive mutant of K . pneumoniae ~~2 4
by Shanmugam & Valentine (I975) , who calculated the ratio from the NH,+ excretion and concomitant glucose consumption by this mutant. On the other hand, the ratio was lower (20) in sucrose-limited chemostats of C. pasteurianum (Daesch & Mortenson, 1968) and much lower (4 to 5) in mannitol-limited chemostats of A . chroococcum (Dalton & Postgate, 1969) .
However, such comparisons may be misleading for the following reasons. In each case, calculation of the ratio required the determination of the amount of ATP generated from the carbon and energy source. Both in the mutant ~~2 4 (Shanmugam & Valentine, 1975 ) and in A . chroococcum (Dalton & Postgate, 1969) , the amount of ATP generated from the carbon and energy source was assumed, not estimated. Although Dalton & Postgate (1969) corrected the molar growth yield data of A . chroococcum for utilization of mannitol for maintenance, including respiratory protection, they assumed that Y A T p in the NH,+-assimilating population was 10.5 and that the amount of ATP generated from mannitol was similar in the NH,+-assimilating and N,-fixing populations. More recent work concerning respiration in Azotobacter (Yates & Jones, 1974) suggests that these assumptions are probably invalid. The ratio may be influenced by the nutritional status of the organisms. Daesch & Mortenson (1968) stated that their N,-fixing cultures were 'limited in sucrose to varying degrees', which suggests that the limiting nutrient was not sucrose.
The high ATP/N2 molar ratio in glucose-limited cultures of K. pneumoniae ~5 a 1 , grown anaerobically under 1.0 atm N,, was probably not due to an unfavourable aspect of the environment. Though the efficiency of nitrogen fixation was increased by providing 0, (Hill, 1976) , the apparent ATP/N, molar ratio was probably not decreased, because YATP in the N2-fixing 0,-limited cultures was similar to or lower than that in the N,-fixing anaerobic glucose-limited cultures. The validity of the estimate of Y A T , in the N,-fixing 0,-limited cultures depends on the assumption that the yield of ATP from glucose dissimilation during 0,-limited growth was similar in both the NH,+-assimilating and in the N,-fixing populations. The growth conditions were designed to minimize any differences. However, Harrison & Loveless (1971) obtained 'uncoupled growth', indicated by a lowering of growth yield without a concomitant increase in fermentation products, in glucose-limited chemostat cultures of Klebsiella aerogenes NCIB8017 by lowering the O2 supply so that it was just limiting (NH,+ was the nitrogen source). Harrison & Pirt (1967) observed a somewhat similar behaviour in NH,+-limited chemostat cultures of this organism. Klebsiella aerogenes ~~1~8 0 1 7 can fix N, (Dixon, I972), and probably did so when NH,+-limited at zero or low 0, tensions in Harrison & Pirt's experiments. The 'uncoupled growth' in K. aerogenes was associated with fluctuations in the dissolved 0, tension. In the 0,-limited cultures of K. pneumoniae supplied with either NH,+ or N, as nitrogen source, the dissolved 0, tension apparently remained near zero. Therefore 'uncoupled growth' probably did not occur in these cultures.
The apparent ATP/N, molar ratio in growing K. pneumoniae is higher than the ratio of between 12 and 15 calculated from the reported values of the ATP requirement for electron transfer by nitrogenase preparations from various organisms (Zumft & Mortenson, I 975) . However, such a comparison may also be misleading because the amount of ATP hydrolysed per electron pair transferred can be influenced by the ratio of the two nitrogenase components and the assay conditions (Zumft & Mortenson, 1975) ; in addition, proton reduction Apparent ATPIN, molar ratio in K. pneumoniae 309 is probably never completely suppressed by N2 in vitro (Hadfield & Bulen, 1969) . On the other hand, Shanmugam & Valentine (1975) suggested that in K. pneumoniae there may be a high ATP requirement for the production of a suitable reductant for nitrogenase function. This seems unlikely because reduced flavodoxin is a reductant in K. pneumoniae (Yoch, 1974) and the breakdown of pyruvate could supply electrons for its rereduction.
ATP expenditure for hydrogen evolution by nitrogenase in growing K. pneumoniae The ATP requirement for N, fixation will be influenced by the ratio of H, to NH,+ production. Having excluded other possibilities, therefore, the high apparent ATPIN, molar ratio in growing K . pneumoniae may be due to a large proportion of the ATP consumed by nitrogenase resulting in H, evolution.
The level of nitrogenase, estimated by C2H, reduction, in glucose-limited chemostat cultures of K . pneumoniae under 1.0 atm N, was 1.8 times greater than was required to account for the rate of N, reduction during growth. If all this enzyme was fully active during growth, 45 % of the total ATP it utilized (13 mol ATP) would have been diverted to H, evolution. This 45 % may be an underestimate because C2H2 may not have completely suppressed the H,-evolving activity of nitrogenase. Although C2H, differs from N, by suppressing the amount of H, evolved by nitrogenases in vitro almost completely (Hardy, Burns & Parshall, I971), some H, evolution accompanied C,H, reduction by the nitrogenase from K. pneumoniae (Eady et al., 1972) . Thus the ATP requirement for N, reduction in growing K . pneumoniae may be 16 or less.
On the other hand, the C,H,-reducing activity in samples may have led to an overestimate of the nitrogenase activity during growth; the change from glucose limitation in the chemostat culture to nitrogen limitation in the test samples (under 0.1 atm C,H, in Ar) may have released a control of activity. For example, an inhibition by ADP may have been released, although during growth the adenylate energy charge is probably maintained at a high level (Chapman, Fall & Atkinson, 1971 ). In addition, C,H, inhibits the conventiona1 hydrogenase in K. pneumoniae (Smith, Hill & Yates, 1976 ) and this may have influenced the nitrogenase activity in the samples. It has been assumed that H, is evolved by nitrogenase in growing K. pneumoniae. Attempts to demonstrate this reaction in samples from glucose-limited anaerobic chemostat cultures have not been convincing (unpublished results) because this organism produces H, via the conventional hydrogenase in amounts much greater than that proposed for the H,-evolving activity of nitrogenase. However, in an anaerogenic strain of K. pneumoniae, evidence suggested that H, evolution occurred by nitrogenase activity in intact organisms (Hamilton, Burris &Wilson, 1964) .
The experiments with H, in the atmosphere over the culture support the view that this strain wasted some ATP via the H,-evolving activity of nitrogenase in vivo. Hydrogen inhibits N , fixation in growing organisms (Burris, 1971 ) and in nitrogenase preparations, but not the ATP-dependent H,-evolving activity of nitrogenase in vitro (Hadfield & Bulen, 1969; Hwang, Chen & Burris, 1973) . As expected, H, partly inhibited N, fixation in the anaerobic glucose-limited chemostat culture of K. pneumoniae, but it caused an increase in the apparent ATP/N, molar ratio of 38 % with 0.5 atm H2 and, probably, 120 % with 0.65 atm H,. Furthermore, the specific acetylene-reducing activity of samples from these populations in the absence of H, was increased by 66 with 0.5 atm H, and by 166 % with as the ratio of the potential rate of N2 fixation to the observed rate of N2 fixation (see Table 5 ). The apparent ATP/N2 molar ratio in K. pneumoniae (0) is shown together with the ATPIN, molar ratio in an unfractionated preparation of nitrogenase from Azotobacter vinelandii (O), under various atmospheric H2 concentrations (calculated from the data of Hadfield & Bulen, 1969) .
ATP/N, molar ratio in K . pneumoniae caused by H, was similar to that found by Hadfield & Bulen (1969) with a nitrogenase preparation from A . vinelandii. Thus, the greater expenditure of ATP for N, fixation in chemostat cultures of K. pneumoniae caused by H, could be accounted for by the increase in the proportion of ATP utilized for H, evolution. Since H, was produced by the conventional hydrogenase during growth under 1-0 atm N,, a high dissolved H2 concentration in the environment of the nitrogenase could cause inhibition of N2 fixation by H, and hence wastage of ATP. This seems unlikely, because the apparent ATP/N, molar ratio was not decreased in cultures where the endogenous H, concentration was probably low, i.e. under 0, limitation, where the ratio was similar to or higher than that under anaerobic glucose limitation. Indeed, the organisms from cultures under 0, limitation, like those under anaerobic glucose limitation, contained about twice as much nitrogenase as they needed, so they probably wasted ATP too.
Growth under glucose or 0, limitation probably led to a limited supply of ATP. A low concentration of ATP, but a high adenylate energy charge, can increase the proportion of Hf to N, reduced by nitrogenase (Silverstein & Bulen, 1970) . If this situation occurs in chemostat cultures, the loss of ATP through increased Hf reduction might leave so little for N, reduction that the population becomes effectively nitrogen-limited and responds by synthesizing extra nitrogenase. Furthermore, this nitrogen limitation would be exaggerated when H,, an inhibitor of N, reduction but not of H+ reduction, was supplied to the culture. I thank Professor J. R. Postgate, Drs R. R. Eady, M. G. Yates, B. E. Smith and R. N. F. Thorneley for helpful discussion and reviewing the manuscript, and Mr E. Kavanagh for technical assistance.
